Introduction
The non-renewable fossil resources currently exploited by the oil and gas industries are the objects of growing concern owing to their finite supply and contribution to global warming. Lignocellulosic biomass is a sustainable alternative to fossil resources, and has the added advantage of not competing with human and animal nutrition. Indeed, lignocellulosic biomass, in particular its main polymer component cellulose, is a potential carbon source for the production of fuels and commodity chemicals in microbes.
Hydrolysis of cellulose polymer molecules to liberate the readily fermentable glucose they contain is a necessary step in their use as feedstock by fermenting organisms. The hydrolysis of cellulose is typically carried out by glycoside hydrolase enzymes termed cellulases, and produced by specialist microorganisms. Organisms that naturally feed on and hydrolyse cellulose are mainly found among filamentous fungi, such as the highly exploited Trichoderma reesei, and obligate anaerobic bacteria such as those of the Clostridium genera. The complete breakdown of cellulose to glucose requires the cooperation of three different types of cellulases. Endoglucanases (EGLs) cleave amorphous cellulose randomly at endo sites to release cellodextrins of various lengths. Cellobiohydrolases (CBHs), on the other hand, are required for the hydrolysis of crystalline cellulose, and release cellobiose by acting at the reducing and non-reducing ends of cellulose strands [1, 2] . Finally, β-glucosidases (BGLs) produce glucose from the hydrolysis of the cellobiose and cello-oligomers produced by EGLs and CBHs. The three types of enzymes are believed to act synergistically. EGLs cleave at random inside strands, creating termini for CBHs, which in turn contribute to loosening of cellulose crystallinity, making further material available to EGLs [2] . Some cellulases, as well as other proteins involved in cellulose degradation, carry a cellulosebinding domain (CBD) that acts to tether them to their polymeric substrate, and allows them to processively degrade cellulose by crawling along its strands [3] . Certain organisms assemble their cellulases on their cell surface as multi-enzyme complexes termed cellulosomes, notably to enhance synergy between enzymes and promote substrate channelling [4] .
The bionconversion of cellulose to biofuels or commodity chemicals must proceed through several steps. Following pre-treatment of the biomass, cellulose is hydrolyzed as described in the above paragraph. The glucose liberated by cellulose hydrolysis can then be fed to microbes that produce compounds of interest, for example the yeast Saccharomyces cerevisiae, which ferments it to ethanol. Doing these two steps one after the other is known as sequential hydrolysis and fermentation (SHF). It requires the addition of costly cellulase cocktails separately produced by fungi, and accumulation of glucose during the hydrolysis step leads to end product inhibition. The capital cost of having multiple separate steps, and the time required for sequential conversion processes further reduce the profitability of sequential hydrolysis and fermentation [5] . Simultaneous saccharification and fermentation (SSF) reduces the number of steps and alleviates the end-product inhibition issue, however it still requires the addition of exogenous cellulases [6] . To further reduce costs, a strategy known as consolidated bioprocessing (CBP) has been proposed, which entails the in situ production of cellulases by the fermenting organism. This strategy consolidates enzyme production, hydrolysis and fermentation into a single step. However, CBP requires an organism efficient at both degrading cellulose and fermenting glucose to a single product at high titers. Such an organism does not exist in nature [7] . To overcome this obstacle, two solutions can be envisioned. Efficient cellulose degraders may be engineered to produce chemicals of interest, or alternatively, organisms that natively produce such compounds can be endowed with recombinant cellulase genes.
Thus, the recombinant expression of cellulases, or cellulase systems, enables CBP. It may also be used to reduce exogenous enzyme loads required by SSF, and may have benefits for the production of the cellulase cocktails used in both SHF and SSF. The recombinant and heterologous expression of cellulases in microorganisms may also benefit other industries. The textile industry, for example, uses cellulases to create stonewashing effects on cellulosederived clothing fibres. Use of cellulase-expressing lactic acid bacteria, on the other hand, is of interest for the ensilage of hay fed to livestock. For these reasons, considerable research has been done to engineer organisms that express recombinant cellulases and cellulase systems. The aim of this chapter is to review the progress made in the engineering of such organisms. We first review the production of cellulases expressed as freely secreted or cell surface-anchored enzymes, and divide our discussion based on the types of organisms engineered (yeast, bacteria, then fungi). We then put special emphasis on the production of artificial recombinant cellulosomes and cellulosome-inspired architectures, outlining the different manners in which they can be assembled, and which microorganisms were used to do so.
Since the 1990s, numerous cellulases from various bacterial and fungal sources were cloned and expressed in S. cerevisiae, and those have been reviewed elsewhere [8, 9] . Over the last thirteen years, a few studies representing significant progress towards the production of a cellulose-fermenting yeast strain were published. Cho and coworkers [11, 12] reported an early example of a recombinant yeast strain that could functionally express several cellulases. Using δ-integration, they inserted multiple copies of two cellulase genes -encoding a bifunctional endo/exo-glucanase and a BGL-into the chromosomes of S. cerevisiae. The recombinant organism displayed enhanced growth on cellooligosaccharides when compared to wildtype, and required reduced loads of exogenous cellulases when applied in SSF [12] . However, levels of cellulase expression were deemed low, and did not enable growth and ethanol production using cellulose as the sole carbon source. A later study similarly expressed the three types of cellulases required for cellulose degradation in S. cerevisiae [13] . The EGL and CBH, from Trichoderma reesei, and the BGL, from Aspergillus aculeatus, were co-displayed as α-agglutinin fusions on the surface of yeast cells, enabling the liberation of glucose from phosphoric acid swollen cellulose (PASC), and fermentation to ethanol when the cells were pre-grown in rich media. Den Haan and coworkers [14] reported similar accomplishments, co-expressing an EGL from T. reesei and a BGL from the yeast Saccharomycopsis fibuligera in S. cerevisiae. This study was allegedly the first report of direct conversion of cellulose to ethanol by cellulaseexpressing yeast, as it was reported that the engineered strain could grow and produce modest yields of ethanol (1.0 g/L in 192 hours) from PASC in media also containing yeast extract and peptone (YP-PASC). A study published almost simultaneously by the same authors reported the low level expression of CBHs in yeast [15] , but expression of these enzymes in the PASCfermenting BGL/EGL background was not reported.
Following these milestone studies, other groups reported on the expression of cellulases in S. cerevisiae and their use for fermentation of cellulose to ethanol. Jeon and coworkers reported the expression of EglE from Clostridium thermocellum and BGL1 of S. fibuligera in the budding yeast. The resulting yeast strain could produce ethanol from carboxymethyl cellulose (8.56 g/L, 16 hours), β-D-glucan (9.67 g/L, 16 hours) and PASC (7.16 g/L, 36 hours) after pre-culturing in synthetic galactose medium and extensive washing in minimal media [16] . This was a progress compared to previous studies, in that it did not require yeast extract or peptone to produce ethanol from cellulosic substrates. Another study [17] compared the performance of two recombinant yeast strains in directly converting cellulose to ethanol in YP-PASC medium. A BGL from A. aculeatus was anchored to the cell surface, while an EGL and a CBH were either anchored or secreted. Higher ethanol yields were obtained when all three enzymes were surface-anchored. These results suggested that this configuration enhances the ability of yeast to degrade cellulose and use the resulting sugars in a manner reminiscent of cellulosome-enzyme-microbe complexes (discussed in Section 3).
Direct conversion of cellulose to ethanol poses the problem of finding the optimal ratios of the different types of cellulase. A novel strategy, termed cocktail δ-integration was recently proposed to address this issue [18] . This strategy involves the simultaneous transformation and integration in the yeast chromosomes of BGLs, EGLs and CBHs on a single DNA fragment with a single selection marker. Fragments are designed to carry varying numbers of each cellulase gene. Integrants are then compared in their ability to degrade cellulose, and those with the best ratios can be identified. The procedure can be repeated several times using different selection markers. After three rounds of cocktail δ-integration, Yamada and coworkers [18] were able to generate a strain with twice the activity on PASC, but half the number of cellulase genes than a similar strain generated using a conventional method. These results strongly argue for a successful optimization of cellulase ratio. The activity of the ratio-optimized strain was further improved by making it diploid [19] . The optimized diploid showed an ability to produce ethanol directly from PASC (7.6 g/L in 72 hours) or pretreated rice straw (7.5 g/L) in yeast peptone (YP) medium without addition of exogenous enzymes. This was the first report of direct conversion to ethanol of agricultural waste residue without exogenous enzyme addition by recombinant cellulase-expressing yeast [19] . Other strategies used to incorporate enzymes at specific ratios into artificial cellulosomes using yeast consortia are discussed later in this chapter (Section 3.4.1).
Two independent studies gave examples of improved SSF using cellulase-expressing yeast. One study [20] reported the transformation of an industrial strain with a BGL-carrying plasmid, enabling the use of cellobiose as the sole carbon source and its conversion to ethanol, producing 3.3 g/L in 48 hours. When supplementing with exogenous cellulases, the strain was shown to produce 20 g/L of ethanol from pre-treated corncobs, a yield similar to outcomes obtained with the parent strain supplemented with additional BGL. Another SSF study [21] reported the production of 7.94 g/L of ethanol in 24 hours from barley β-D-glucan using yeast co-displaying a BGL and an EGL from Aspergillus oryzae.
Recombinant Cellulase and Cellulosome Systems 105
In recent years, a few thermotolerant enzymes have been expressed in S. cerevisiae. For example, BGL4 from Humicola grisea w a s r e c e n t l y c l o n e d i n t h e b u d d i n g y e a s t [ 2 2 ] . Interestingly, the recombinant enzyme displayed resistance to glucose inhibition in addition to thermotolerance. Others have reported on the expression of thermotolerant cellulases in yeast using a mutagenesis and recombination strategies rather than a discovery approach to further improve stability and activity of the recombinant enzymes [23] [24] [25] .
Inadequate secretion of cellulases by recombinant yeast is an obstacle to their successful application in an industrial context. To address this issue, a library of approximately 4800 non-essential deletion mutants was systematically transformed with a plasmid carrying an endoglucanase gene from the bacterium C. thermocellum [26] . Mutants were compared in their ability to degrade carboxymethyl cellulose, and 55 of them showed increased activity. The mutants covered a large spectrum of cellular functions, including transcription, translation, phospholipid synthesis, endosome/vacuole function, ER/Golgi function, nitrogen starvation response, and the cytoskeleton. The effect of a subset of these mutations was tested on the level of activity of another cellulase, a BGL from A. aculeatus. Interestingly, five out of the nine mutations tested increased BGL activity in addition to EGL activity, suggesting that certain mutations may increase the secretion level of several cellulases, and potentially all enzymes within a cellulase system [26] .
Recombinant cellulase expression in other yeast species
While most studies expressing recombinant cellulase systems in yeast have used Saccharomyces cerevisiae, other species, superior to brewer's yeast in some respects, have also been used.
The yeast Scheffersomyces stipitis (formerly Pichia stipitis) is one of the organisms considered for its potential in the bioconversion of lignocellulosic biomass, owing to its native cellulase activity, but foremost to its pentose-fermenting capabilities. Indeed, hemicellulose, the second most abundant sugar polymer of plant cell walls after cellulose, is composed largely of xylose, which S. cerevisiae cannot ferment. S. stipitis, on the other hand, produces the largest yields of ethanol from xylose that have been observed to date [27] . S. stipitis naturally consumes lignocellulosic biomass, therefore cellulase activity, notably β-glucosidase activity, has been detected in this organism [28] , while its genome was found to encode several putative cellulolytic enzymes [29] . Yet, during the development of molecular genetics tools for S. stipitis, recombinant cellulases were used as reporters of protein expression [30] .
Saccharomyces cerevisiae is generally not viable in conditions of temperature optimal for cellulase activity. Indeed, cellulases from the common cellulolytic microbes C. thermocellum and T. reesei are found to lose most of their activity at temperatures below 40°C [31] , while S. cerevisiae grows poorly above 38°C [32] and could not so far be engineered to remain productive at temperatures that exceed 42°C [33] . In addition, acids are commonly used in the pretreatment of lignocellulosic biomass, while both high temperatures and acidic conditions can be used in preventing contamination during fermentation. For these reasons, expression of recombinant cellulase systems has been attempted in a few stress tolerant species of yeast. For example, the thermotolerant Kluyveromyces marxianus was used in a number of SSF studies in which cellulases were added exogenously [34] [35] [36] [37] . The strain was subsequently engineered to express three thermostable cellulases, endowing it with the ability to grow at 45°C on both cellobiose and carboxymethyl cellulose and to ferment cellobiose to ethanol [38] . The multi-stress tolerant Issatchenka orientalis was also successfully engineered for recombinant cellulase expression. This organism is tolerant to acid, salt and elevated temperature, in addition to being ethanol tolerant, making it a suitable candidate for cellulose bioconversion [39] . Kitagawa and coworkers [40] provided the first report of heterologous gene expression in I. orientalis, isolating and cloning the necessary auxotrophy markers and building a recombinant cassette for the production of A. aculeatus BGL. The engineered strain showed BGL activity and was able to grow and produce ethanol on cellobiose in conditions of elevated temperature, acidity and salinity. SSF trials using this strain achieved measureable ethanol outputs, albeit at lower levels than what was obtained with the parental strain supplemented with exogenous BGL. Still, to achieve similar yields, reduced BGL supplementation was required for the recombinant strain.
Expression of cellulases in bacteria
This section reviews recent research aimed at expressing recombinant cellulases in bacteria. Although the workhouse and longtime protein overproducing Escherichia coli has received significant interest, several other species with specialized functions have also been exploited. These functions include: the ability to assimilate cellulose-derived oligosaccharides, native production of biofuel molecules or organic acids, and thermophilicity.
Recombinant cellulase expression in enteric bacteria
The enteric bacterium E. coli has a long history of being used for the expression of recombinant proteins, and numerous tools for the genetic engineering of this organism are readily available. Furthermore, E. coli has among the simplest and cheapest growth requirements. It is thus an attractive canvas for the engineering of a cellulose-utilizing industrial strain. Therefore, it comes to no surprise that studies have reported the heterologous expression of cellulase systems in this organism. Significant advances have also been reported in Klebsiella oxytoca, a bacterium related but superior to E. coli in its native ability to assimilate and use cello-and xylo-oligosaccharides.
Wildtype E. coli and K. oxytoca are not prolific ethanologens and neither have cellulolytic activity. The classical strategy to turn these organisms into ethanol producers is to endow them with an alcohol dehydrogenase and a pyruvate decarboxylase genes from the ethanologenic bacterium Zymomonas mobilis (Section 2.2.2) [41] . It is normally with this background that enteric bacteria have been used for recombinant cellulase expression. Several papers over the course of the last twenty years have reported the engineering of E. coli and K. oxytoca in this manner [42] [43] [44] [45] [46] [47] . The most advanced examples report the expression of the endoglucanase genes celY and celZ from the phytopathogenic bacterium Erwinia chrysanthemi in an ethanologenic K. oxytoca background [46, 47] . This recombinant cellulase system, in conjunction with the native BGL activity of K. oxytoca enabled the direct conversion of crystalline cellulose to ethanol with addition of exogenous cellulases [46] , while amorphous cellulose could be readily converted to ethanol without exogenous cellulase supplementation [47] . However, as is the case for reports of direct cellulose-toethanol conversion by yeast, these successes depended on the presence of yeast extract and peptone in the fermentation medium.
More recently, a proof-of-concept study by Bokinsky and coworkers [48] reported the expression of complete sets of cellulases and hemicellulases in E. coli for the conversion of lignocellulosic biomass to second-generation biofuels. In this study, a library of EGLs was tested for expression in E. coli, while collections of BGL and xylobiosidases were evaluated for their ability to enable growth of E. coli on cellobiose and xylobiose, respectively. The best EGL and BGL genes were introduced into E. coli to generate a cellulose-degrading strain. The best xylobiosidase was similarly combined with a previously identified xylanase to generate a hemicellulose-degrading strain. Growth on ionic liquid-pretreated lignocellulosic feedstock (switchgrass, eucalyptus and yard waste) was demonstrated. Combining both strains allowed enhanced growth on all substrates. The strains were further engineered to express one of three operons for the production of advanced biofuel molecules (fatty acyl ethyl esters, butanol or pinene) from ionic liquid-pretreated switchgrass, achieving modest yields. This study is the first report of a complete cellulose-to-biofuel conversion in bacteria using natural feedstock. Moreover, no exogenous cellulases were added, and all hydrolysis and fermentation experiments in this study were performed in minimal media with cellulose or hemicellulose as the sole carbon source.
Recombinant cellulase expression in Zymomonas mobilis
Zymomonas mobilis is an ethanologenic gram-negative bacterium. Unlike S. cerevisiae, it converts glucose to ethanol via the Entner-Doudoroff pathway, enabling ethanol yields that could more closely match theoretical yield values than the classical glycolytic pathway. It is considered superior to brewer's yeast in other respects. Indeed, it has higher tolerance to ethanol, enabling superior yields, which it produces with high productivities [7, [49] [50] [51] [52] [53] [54] [55] . Therefore, several reports of recombinant cellulase expression in Z. mobilis have been published [55] [56] [57] [58] [59] . Among early reports of recombinant cellulase expression in Z. mobilis [56] [57] [58] , only one succeeded in exporting an EGL to the extracellular milieu using the protein's native signal [56] . In that study, approximately 10% of the EGL protein was found to be extracellular, while most of the cell-associated activity was found in the periplasm [56] . Recent studies fused recombinant cellulases to native Z. mobilis export signals in an attempt to direct a larger proportion of the enzymes to the extracellular milieu. In one study, a BGL from Ruminococcus albus was fused to the glucose-fructose oxidoreductase and gluconolactonase export signals of Z. mobilis, resulting in the secretion of only 4.7% and 11.2% of the protein, respectively. The resulting strain was able to use cellobiose and ferment it to ethanol [55] . A more recent study used two different secretion signals native to Z. mobilis, and suggested to use distinct pathways. These endogenous signals were fused to the catalytic domain of two Acidothermus cellulolyticus EGLs, enabling the export of 40%-50% of the recombinant cellulases to either the periplasm or extracellular milieu [59] . This latter study did not report on the ability of the strains to grow on or convert cellulosic substrates. Interestingly, it provided a confirmation to an earlier study that suggested the presence of endogenous cellulase activity in Z. mobilis [60] .
Recombinant cellulase expression in other bacterial hosts
Other bacterial species with useful industrial properties have been used for the expression of recombinant cellulases. Species such as Clostridium acetobutylicum and Clostridium beijerinckii can be used in the industrial scale production of solvents and biofuels in the acetone-butanol-ethanol (ABE) process [61] . Enthusiasm for biofuels and synthetic biology in recent years has renewed interest for the high yields of solvents, in particular butanol, achieved by these organisms. The classical source of carbon for the ABE process was potato starch, however recent research has been aimed at enabling the use of cellulose, a more sustainable and industrially suitable carbon source, by solventogenic Clostridium. The genome of C. acetobutylicum encodes genes for putative cellulosome components, which will be discussed later in this chapter (Section 3.3.2). However, growth of this microbe, while successful on hemicellulose [62, 63] has so far not been observed with cellulose as the sole carbon source [64] , despite observations that various substrates induce the expression of cellulases in C. acetobutylicum [65, 66] . Therefore, solventogenic Clostridium were engineered to express recombinant cellulases. Most efforts were aimed at reconstituting functional Clostridium cellulolyticum cellulosomes in C. acetobutylicum, but expression of isolated cellulases was also attempted. In an early study, an EGL from the cellulolytic bacteria Clostridium cellulovorans was expressed in C. acetobutylicum [67] . While the resulting strain could degrade carboxymethyl cellulose in Congo Red plate assays, it failed to grow on cellulose as the sole carbon source. Mingardon and coworkers expressed six C. cellulolyticum cellulases in C. acetobutylicum and found that three enzymes, those with lower molecular weights, were successfully secreted [68] . The larger enzymes failed to generate viable clones, or led to accumulation of cellulase protein in the cytoplasm. In a subsequent study, the same group reported the successful secretion of large cellulases by fusing them to sequences of scaffoldins and cellulose binding modules of C. cellulolyticum [69] . The related species C. beijerinckii was also used for the heterologous expression of recombinant cellulases. Expression of an EGL from the cellulolytic fungus Neocallimastix patriciarum in C. beijerinckii yielded results that resembled those observed with C. acetobutylicum. Indeed, the recombinant C. beijerinckii strain displayed cellulolytic activity in Congo Red plate assays, but failed to grow on cellulose. Interestingly, the fungal EGL improved growth and solvent yields of the microbe on lichenan, a polymer of glucose similar to cellulose [70] .
Lactic acid bacteria (LAB) have also served as hosts for recombinant cellulase expression. The interest of LAB lies in their potential as silage inocula, probiotics, and industrial lactic acid producers. Several LAB species, including Lactobacillus plantarum and Lactococcus lactis have been engineered for the improved lactic fermentation of forage by expressing cellulose-degrading enzymes. Early studies reported the successful expression and secretion of functional EGLs from plasmids [71] 
o r f r o m t h e c h r o m o s o m e [ 7 2 ] i n L. plantarum.
Chromosome integration of a Bacillus sp. EGL in L. plantarum was later shown to elicit increased acidification of forage in micro-ensiling experiments [73] . Similarly, L. lactis was transformed with a cellulase gene from the rumen fungus Neocallimastix sp. [74] . The recombinant L. lactis strain enhanced the digestibility of forage when used in ensiling experiments. Lactobacilli species L. gasseri and L. johnsonii, natural inhabitants of the mammalian gastrointestinal tract, were also engineered to express a C. thermocellum endoglucanase [75] . The aim of this study was to generate probiotics that would facilitate digestion of plant cell walls by monogastric animals, thus alleviating the need for the onerous supplementation of animal feed with exogenous cellulases. The resulting strains displayed cellulase activity on carboxymethyl cellulose, and had characteristics desirable for probiotics. A lactate dehydrogenase-deficient strain of L. plantarum was later engineered to express a C. thermocellum EGL, allowing the successful hydrolysis and conversion of barley β-D-glucan to lactic acid in anaerobic conditions, achieving best yields with addition of exogenous BGL [76] .
We have already mentioned the relevance and interest of thermotolerant or thermophilic enzymes for the bioconversion of cellulose. While tools for the genetic engineering of thermophilic bacteria are still in their infancy [77] , one example of cellulase expression is found in the thermophile Thermoanaerobacterium saccharolyticum [ 7 8 ] . I n t h i s s t u d y , development of recombinant protein expression systems used cellulases and other glycoside hydrolases from C. thermocellum as test proteins, and cellulase activity was detected.
Expression of cellulases in fungi
Several species of fungi are superior protein secretors, and as such show high potential for the industrial-scale production of enzymes. Not surprisingly, the cellulase cocktails used in industry for the bioconversion of cellulose or for the treatment of textile fibers are typically produced by cellulolytic fungi [79] . The organism most commonly used for this purpose is the filamentous fungus Trichoderma reesei, because of the high titers of cellulase enzymes that it secretes [80] . Recombinant approaches have been applied to enhance the production of native cellulases or to express heterologous cellulolytic enzymes in T. reesei and other fungi.
To increase yields of EGL produced by T. reesei, Miettinen-Oinonen and Suominen reported a strategy whereby the native cbh2 locus was disrupted to redirect the secretory capabilities of the fungus towards other proteins [81] . This CBH-deficient background was transformed with constructs of T. reesei EGL genes placed under the control of the strong cbh2 promoter. These modifications, coupled to an increase in EGL copy number, were successful in augmenting the levels of secreted EGL, and in increasing the performance of the T. reeseisecreted enzyme in stonewashing treatment of denim fabric. A follow-up study by the same group tested the effect of promoter swapping, deletion of native enzymes, and copy number increase on the level of CBH secretion, yielding comparable results [82] . Another approach aimed at increasing the activity of the T. reesei-secreted cellulase cocktail was to fuse an A. cellulolyticus EGL domain to native CBH expressed in T. reesei. The resulting bi-functional enzyme increased the saccharification yields of T. reesei [83] .
Several studies have reported the heterologous expression of thermophilic fungal cellulases in mesophilic fungi, notably T. reesei, Aspergillus oryzae and Humicola insolens (reviewed in [84] ). For example, protein variants of the Cel12A enzyme of T. reesei rationally designed for increased thermal stability and activity were expressed in the efficient protein secretor Aspergillus niger [85] . In another study, the cellobiohydrolase Cel7A from T. reesei was expressed in A. niger, and mass spectrometry was used to compare N-glycosylation between the recombinant and the native protein. The cellobiohydrolase contained six times more Nlinked glycans when expressed in A. niger, and its activity was reduced, underlining the critical effect of post-translation modifications on recombinant cellulases [86] . Recently, a library of EGLs from various fungi were cloned and expressed in A. niger [87] . Both activity and level of expression were compared to that of TrCel5A, one of the major endoglucanases from T. reesei. This screen identified three EGLs, from species Aureobasidium pullulans, Gloeophyllum trabeum and Sporotrichum thermophile with expression levels and hydrolysis performances superior to those of the Trichoderma enzyme [87] .
Recombinant cellulosomes
The degradation of recalcitrant cellulosic substrates into fermentable carbohydrates requires multiple catalytic activities [4] . Many cellulolytic fungi are capable of degrading crystalline cellulose by secreting cocktails of free hydrolytic enzymes [88] . Alternatively, the hydrolysis of cellulosic substrates can be carried out by macromolecular enzyme complexes [4] . The incorporation of enzymes in a larger multi-enzyme complex yields several benefits associated with substrate channeling as well as synergy among neighboring enzymes [89] . Substrate channeling refers to the flow of intermediate metabolites from one reaction to another, where individual catalytic activities are co-localized in a central protein scaffold. In the case of cellulose hydrolysis, longer chain polysaccharides produced by non-processive cellulases become the substrate for processive cellulases, which can produce short chain cellodextrins and cellobiose as primary products. Enzyme synergy results when the sum of individual enzyme activities is augmented by their incorporation in multi-enzyme complexes. From a biotechnological perspective, optimizing the spatial organization of enzymes through co-localization can greatly enhance the channeling of hydrolysis intermediates to enzymes that will use them as substrates. A number of cellulolytic bacteria have evolved to assemble multi-enzyme complexes such as cellulosomes. Cellulosomes have become inspiration for the engineering of recombinant complexes with defined enzyme compositions. For instance, the thermophilic bacterium C. thermocellum, which is documented to have one of the most efficient system for cellulose hydrolysis [89] , produces one of the most thoroughly studied and well-characterized cellulosomes. The engineering of multiple cellulases into macromolecular cellulolytic complexes is a strategy that has been adopted by a number of research groups in the development of microorganisms that can degrade cellulose and produce commodity chemicals and biofuels.
Nature's building blocks for engineering recombinant cellulosomes
Cellulosomes are cellulose-degrading protein complexes comprised of a multitude of hydrolytic enzymes with varying catalytic activities that associate with a central scaffold protein [90] . The variability in architecture of cellulosomes from different organisms has been a significant source of inspiration for the engineering of protein scaffolds and multienzyme complexes [91] [92] [93] [94] . The assembly of the cellulosome complex is mediated via noncovalent interactions between non-catalytic dockerin and cohesin domains. These domains serve as the building blocks that hold the complex together and dictate its architecture. Two characteristics of a dockerin and cohesin pair determine the specificity of the interaction: the species from which they are derived, as well as the type of interaction. Type 1 and type 2 cohesins from a single organism do not interact with dockerins of the opposite type (e.g. type 1 cohesins do not interact with type 2 dockerins, and vice-versa). In the case of C. thermocellum, type 1 dockerins and cohesins mediate the interaction between enzymes and scaffold proteins, while type 2 dockerins and cohesins mediate binding of scaffolds and cell surface anchor proteins. Cellulosomal enzymes carry type 1 dockerin domains which bind any of the nine type 1 cohesin domains found on the central scaffold protein CipA [95] . Cellulosomal scaffolds such as CipA typically contain a CBD that brings the complex in close proximity to the cellulose fibers, allowing the different cellulases to act in synergy on the crystalline substrate. CipA protein also carries a type 2 dockerin domain, which interacts with type 2 cohesins located on cell wall anchor proteins OlpB and SdbA [96, 97] . These anchor proteins ensure the attachment of the complex on the cell surface. In addition, cohesin and dockerin domains derived from different organisms do not bind with one another. Therefore, cohesins and dockerins from different species as well as those of different types have become the building blocks used by researchers to engineer customdesigned recombinant cellulosomes or cellulosome-inspired complexes with precise compositions. The strategies adopted by most researchers in this effort can be divided into three categories discussed in subsequent sections. These include (i) the production of recombinant enzymes and scaffolds in host strains followed by their purification and assembly in vitro ( Figure 1A ), (ii) the production of all components in a single strain resulting in the in vivo assembly of resulting complexes in the culture supernatant ( Figure  1B) , and (iii) the surface-tethering of scaffolds towards the in vivo assembly of artificial cellulosomes on the cell surface of the host organism ( Figure 1C ).
In vitro assembly of recombinant cellulosomes
The assembly of custom-designed cellulosomes initially involved the production of individual components in an organism of choice, followed by their purification and assembly in vitro. Desirable characteristics for a bacteria designed to overexpress individual components include ease of manipulation of the organism, and low endogenous proteolytic activity. Since multiple strains are used to generate individual components, this strategy is not limited to a single organism being used for the production of each recombinant subunit, since further purification and in vitro assembly of the final complex is required (Fig. 1A) . A host organism tethers a scaffold to its surface while secreting recombinant enzyme-dockerin fusions, resulting in the in vivo assembly of the cellulosome complex on the cell surface.
Expression of cellulosome components in E. coli
Early work on the in vitro assembly of cellulosomes focused mostly on demonstrating the effects of having cellulase enzymes bound to a scaffold on activity towards cellulose. In a study by Kataeva and coworkers, the EGL CelD was shown to bind stoichiometrically with fragments of the CipA scaffold protein, and CelD-CipA complexes showed increased activity on cellulose compared with free CelD enzyme. A major observation was that the activity of the complex was dependent on the presence of a cellulose binding domain (CBD), not necessarily the amount of CelD present. The authors hypothesized that the CBD located on the scaffold protein was either indirectly contributing to the hydrolysis process by optimally positioning CelD to act on the crystalline substrate, or that it was playing a more direct role, participating in the partial decomposition of the substrate and ultimately, allowing access to CelD [98] . A subsequent study by Ciruela and colleagues revealed that the binding of another EGL, CelE, with full length CipA, resulted in the assembly of artificial cellulosomes with increased activity on crystalline cellulose compared to free enzymes [99] . Interestingly, although the CBD of CipA was capable of binding both crystalline and amorphous cellulose, the increase in activity observed when CelE was complexed with CipA was only observed on the former, suggesting the pivotal role of the scaffold-enzyme complex in degrading the crystalline substrate. Both studies conducted by Kataeva and Ciruela involved the incorporation of a single enzyme into artificial cellulosomes. Murashima and coworkers used a truncated version of the C. cellulovorans scaffold protein CbpA (Mini-CbpA) and three enzymes, EngE, EngH, and EngS, for the in vitro assembly of artificial cellulosomes containing combinations of two enzymes [100] . Synergy was affected by both the type and stoichiometric ratios of enzyme used. Optimal combinations of enzymes were determined based on increased activity on crystalline cellulose. In this case, however, the effects of relative enzyme positioning within the complex could not be deduced due to the non-specific binding of each enzyme with any of the two cohesins present on the scaffold. The multiple cellulase activities required to degrade crystalline cellulose and the possibility to optimize their positioning within an artificial cellulosome prompted the construction of recombinant protein scaffolds using cohesins with different specificities.
Initial work describing the construction of chimeric scaffolds was carried out by Fierobe and coworkers, where the fusion of cohesins derived from the cellulosomes of C. thermocellum and C. cellulolyticum were used to engineer complexes with dual enzyme activities [101] . The authors engineered a total of four scaffolds that contained two divergent cohesins positioned at various locations relative to the CBD. Two C. cellulolyticum cellulases, CelA and CelF, were engineered to contain either native or C. thermocellum dockerins. All components were over-produced in E. coli, purified and assembled in vitro into threecomponent cellulosomes. The authors once again demonstrated the necessity of the CBD for increased hydrolysis of the cellulose substrate, and observed that the sequential or simultaneous assembly of each component yielded similar activities. Increased synergy, however, was observed when enzymes were positioned adjacent to each other, suggesting a possible mechanism of substrate channeling between catalytic domains. In a subsequent effort, Fierobe and colleagues successfully generated a library of 75 different chimeric cellulosomes and tested their activities on both crystalline and less recalcitrant substrates [102] . The enzymes incorporated into the bifunctional complexes consisted of a combination of C. cellulolyticum cellulases CelA, CelC, CelE, CelF, or CelG. Synergy due to enzyme assembly on the chimeric scaffolds was only observed when acting on the more recalcitrant substrates such as Avicel and bacterial microcrystalline cellulose, with less or no synergy observed when acting on the less crystalline substrates bacterial cellulose and PASC. To further augment the synergistic and overall activities of bifunctional artificial cellulosomes, Fierobe and coworkers generated trifunctional cellulosomes [91] . In order to control the relative position of the enzymes within the complexe, a third dockerin-cohesin pair derived from Ruminococcus flavefaciens was used in which the interaction is characterized by both high affinity and lack of cross-reactivity with other cohesin-dockerin pairs. Upon incorporation of three cellulases, the complexes demonstrated significantly higher activity than their bifunctional counterparts. The synergy among the complexed enzymes was also demonstrated.
In an effort to generate artificial cellulosome systems with novel geometries and potentially higher overall activities on cellulose, Mingardon and coworkers constructed chimeric scaffolds and cellulases designed to self-assemble in precise spatial arrangements [92] . A hybrid cellulosome consisted of enzymes targeted to a central scaffold, a covalent cellulosome was generated by covalently fusing all components together in a single polypeptide chain, and three other cellulosomes with novel architectures were engineered as well. Still, the hybrid cellulosome, which more closely resembled traditional cellulosome architectures, demonstrated significantly higher activity than all others [92] . Some other notable observations were that the least effective cellulosome contained the most CBDs and that in certain architectures, cohesin-dockerin pairs could dissociate, most probably due to conformational strain.
Cellulosic biomass is mostly composed of lignin and hemicellulose in addition to cellulose. To bestow hemicellulase activity upon engineered cellulosomes, Morais and colleagues intergraded two xylanases as well as a xylose binding domain to a scaffold containing three divergent cohesins from Acetivibrio cellulolyticus, C. thermocellum, and R. flavefaciens [103] . The assembled complexes demonstrated a 1.5 fold increase in activity on hatched wheat straw when compared with the free enzyme mixtures, and the authors attributed this to substrate targeting by the xylose binding domain as well as to the proximity of the enzymes within the complex [103] . This system was further improved in a subsequent study whereby another dockerin-cohesin pair derived from Bacteriodes cellulosolvens was incorporated resulting in a four component artificial cellulosome that could accomodate two EGLs and two xylanases [104] . An overall 2.4-fold increase in activity on hatched wheat straw was observed compared with the free enzyme mixtures.
Expression of cellulosome components in B. subtilis
While E. coli remains an attractive host for the production of enzymes and scaffolds the presence of endogenous proteases can lead to the degradation of desired proteins. Another Recombinant Cellulase and Cellulosome Systems 115 attractive host towards the production of recombinant cellulosomes is B. subtilis, since it can be easily genetically manipulated, is characterized by fast growth, and is an efficient protein secretor. A strain of B. subtilis deficient in eight major extracellular proteases, B. subtilis WB800, was engineered and used as a host for the production and secretion of C. cellulovorans EngE since this enzyme was shown to be partially degraded in E. coli [105] . Murashima and colleagues were successful in using this protease-deficient strain to produce EngE, and subsequent incubation with scaffold Mini-CbpA, which contains a CBD as well as two cohesins, resulted in assembly of an enzyme-scaffold complex capable of binding cellulose [105] .
In vivo secretion and assembly of recombinant cellulosomes
The overexpression and purification of individual scaffolds and enzymes towards the assembly of artificial cellulosomes poses extra costs and steps towards cellulose hydrolysis. Rather, the development of a CBP-capable organism would require the production, secretion and in vivo assembly of artificial cellulosomes in the extracellular space (Fig. 1B) .
Secretion of recombinant cellulosomes by B. subtilis
Initial work began as an extension of Murashima and colleagues' work employing B. subtilis WB800 as a host for heterologous production of all components. Cho and colleagues constructed an expression cassette encoding both Mini-CbpA and EngE on a single vector which was established in B. subtilis WB800 [106] . The result was the secretion and subsequent assembly of both enzyme and scaffold components into an artificial cellulosome complex which was localized in the supernatant. This study was the first report of the in vivo assembly of artificial cellulosomes by a single organism, although the activity of this strain against cellulosic substrates was not verified. A study by Arai and colleagues used a different approach towards the in vivo assembly of recombinant cellulosomes. In this case, three strains of B. subtilis WB800 were engineered to secrete either EngB, XynB, or MiniCbpA into the culture supernatant [107] . By co-culturing enzyme and scaffold producing strains, complexes formed in the supernatant and were characterized by the appropriate enzymatic activity. This provided a novel method for assembling complexes in vivo based on intercellular complementation.
Secretion of recombinant cellulosomes by C. acetobutylicum
C. acetobutylicum is an organism which has been employed in the production of a number of acids and solvents including acetone, butanol, and ethanol. The potential to engineer this organism to degrade cellulose as a cheap and abundant carbon source has garnered significant attention in the past decade. Interestingly, this bacterium is not cellulolytic, however investigation of its genome sequence reveals a cellulosomal gene cluster encoding a number of hydrolytic enzymes as well as a scaffold protein CipA [64, 108] . Sabathe and colleagues were successful in engineering C. acetobutylicum to secrete and assemble a functional minicellulosome in vivo [109] . Since CipA had been previously demonstrated to not be secreted in this organism, the authors replaced the original signal peptide with that of the C. cellulolyticum scaffold protein CipC. Overexpression and secretion of a truncated version of CipA containing two cohesin domains and a CBD resulted in its binding with endogenous cellulase Cel48A, and formation of a secreted cellulosome in vivo [109] . In analyzing the activity of the recombinant cellulosome on Avicel, bacterial cellulose, PASC and carboxymethyl cellulose, no detectable activity was observed when using the crystalline substrates, as is the case for native C. acetobutylicum. Low levels of activity were observed on carboxymethyl cellulose and PASC, however such levels did not exceed those demonstrated by the native cellulosome. A next logical step was to produce artificial scaffold chimeras in this organism, capable of binding enzymes at very precise locations via divergent cohesin domains derived from different bacterial species. Perret and colleagues first engineered this organism to produce and secrete scaffold miniCipC1 which is a truncated form of C. cellulolyticum scaffold CipC, and subsequently generated chimeric scaffold Scaf3 which contains cohesins from both C. cellulolyticum and C. thermocellum, as well as a CBD [93] . After visualizing the chimeric scaffold using SDS-PAGE, the protein was blotted on a nitrocellulose membrane and was subsequently shown to bind both Cel48 and Cel9 containing a dockerin from C. cellulolyticum, as well as Cel9 with a dockerin from C. thermocellum.
In vivo surface-anchoring of recombinant cellulosomes
The architecture of the cellulosome establishes proximal and synergistic effects of enzymes within the complex when associated with the substrate [95, 110, 111] . In natural and recombinant systems, these synergistic effects are further augmented by an extra level of synergy resulting from the cellulosome's association with the surface of cells, yielding cellulose-enzyme-microbe (CEM) ternary complexes [89, [112] [113] [114] [115] [116] [117] [118] . CEM ternary complexes benefit from the effects of microbe-enzyme synergy, ultimately limiting the escape of hydrolysis products and enzymes, increasing access to substrate hydrolysis products, minimizing the distance products must diffuse before cellular uptake occurs, concentrating enzymes at the substrate surface, protecting hydrolytic enzymes from proteases and thermal degradation, as well as optimizing the chemical environment at the substrate-microbe interface [89, [112] [113] [114] [115] [116] . In several cellulosome-producing bacteria, including C. thermocellum, the cellulosome is anchored to the surface of cells, resulting in one of the most efficient systems for bacterial cellulose hydrolysis [4, 116] . In an effort to mimic such a system, microbial engineers have adopted this strategy as a next logical step towards the improvement of recombinant cellulosome systems with the ultimate goal of increasing the efficiency of the bioconversion process.
Anchoring recombinant cellulosomes on the cell surface of S. cerevisiae
Much interest towards the development of a CBP-capable organism comes from a desire to generate biofuels such as ethanol from cheap and abundant substrates. Therefore, much attention has been directed towards engineering cellulosome systems in ethanologenic organisms such as S. cerevisiae. Lily and colleagues were successful in targeting hybrid scaffold Scaf3p to the cell surface of S. cerevisiae by fusing it with the glycosyl phosphatidylinositol (GPI) signal peptide of the Cwp2 protein for linking to the β-1,6 glucan of the yeast cell wall [119] . The scaffold contained two divergent cohesins from C. thermocellum and C. cellulolyticum as well as a CBD. Microsocopy revealed that the CBD was functional in adhering cells to filter paper, and the successful targeting of a Cel5a-dockerin fusion to the scaffold confirmed functionality of the cohesin modules. The ability to generate scaffold chimeras using non-cohesin modules was established by Ito and colleagues [120] . This research group generated artificial scaffolds by fusing the Z domain of Staphylococcus aureus Protein A with a cohesin from the C. cellulovorans cellulosome and displayed them on the cell surface [120] . The scaffold chimeras were engineered to contain two Z domains as well as two cohesins for precisely targeting different enzymes to the cell surface. The authors fused two enzymes, EGII and BGLI, to either a dockerin domain or Fc domain, which successfully targeted the enzymes to the cohesin and Z domains, respectively [120] . Hydrolysis experiments on β-glucan revealed that co-displaying EGII-FC and BGL-dock resulted in cells capable of degrading this soluble cellulosic substrate, but due to lack of a CBD on the engineered scaffold, this strain would most likely be inefficient at hydrolyzing more recalcitrant cellulosic substrates. A more direct approach to ethanol production was adopted by Tsai and coworkers, where yeast strains were engineered to display a trimeric scaffold containing three divergent cohesins from C. thermocellum, C. cellulolyticum and R. flavefaciens as well as a CBD [121] . Three enzymes, C. thermocellum CelA, and C. cellulolyticum CelE and CelG were overproduced in E. coli and successfully targeted to corresponding cohesin domains on the scaffold by fusion with appropriate dockerin domains, resulting in the surface-display of trifunctional cellulosomes. The anchor system used in this study consisted of displaying the Aga1 protein which interacted with the Aga2 protein fused with the scaffold. Replacing endoglucanase CelG with C. thermocellum β-glucosidase BglA resulted in significant increases in glucose liberation from PASC, and the resulting strain was capable of directly producing ethanol from this substrate. Incubating cells in the p r e s e n c e o f P A S C r e s u l t e d i n e t h a n o l p r o d u c t i o n t h a t c o r r e s p o n d s t o 9 5 % o f t h e theoretically attainable ethanol yield. The authors also observed no accumulation of glucose in the medium during the fermentation assays, suggesting that the released glucose was immediately taken up by cells during the SSF process [121] .
The production of both enzymes and scaffold in a single yeast strain was achieved by Wen and colleagues [94] . The scaffold contained three cohesins as well as a CBD and was successfully displayed by use of the α-agglutinin adhesion receptor. In vivo secretion of an EGL, CBH, and BGL resulted in the assembly of tetrameric complexes, and the resulting yeast strain was capable of directly converting PASC to ethanol at a yield of 1.8 g/L. Interestingly, the authors also observed that when Bgl1 was positioned within the complex, in close proximity to EGII and CBHII, increased activity was observed, most probably due to removal of the cellobiose at the cell surface which may have been inhibiting EGII and CBHII. In comparison with the work by Tsai and colleagues, this represented the first report of producing and assembling a trifunctional cellulosome on the cell surface by the in vivo production of all components. The relatively low levels of EGII and Bgl1 produced by this strain, however, suggested that burdening the secretion machinery of the organism was a potential bottleneck. To address this issue, the Chen group adopted a different approach towards the in vivo assembly of trifunctional complexes on the cell surface which entailed intercellular complementation by a yeast consortium [122] . In this case, one strain produced a trifunctional scaffold containing three divergent cohesins and a CBD, while each of three other strains produced an exoglucanase, EGL, or BGL which were targeted to specific sites on the artificial scaffold by fusion with corresponding dockerin domains. The authors also reported that an optimal ratio of each strain within the consortium resulted in two-fold increase in ethanol production when compared with a consortium containing equal proportions of each strain.
Anchoring recombinant cellulosomes on the cell surface of L. lactis
While of the attention to the engineering of organisms to display artificial cellulosomes has been directed towards ethanol-producing microbes, the metabolic diversity among microorganisms suggests that such a strategy can be implemented towards the production of other commodity chemicals including organic acids. In an effort to assemble cellulosomeinspired multi-enzyme complexes on the surface of a bacterium, Wieczorek and Martin engineered a strain of L. lactis to anchor mini-scaffolds on the cell surface [123] . While several bacterial species non-covalently anchor cellulosomes to the cell surface by means of S-layer homologous domains, other organisms such as R. flavefaciens display cellulosomes by covalently anchoring them to the cell wall by sortase. Therefore, the authors in this study fused fragments of C. thermocellum CipA scaffold with a C-terminal LPXTG-containing anchor motif from Streptococcus pyogenes M6 protein, resulting in their successful surface-display. By fusing the scaffolds with the export-specific reporter, S.aureus nuclease NucA, the authors were able to easily detect them in the extracellular medium. Fusion of E. coli β-glucuronidase UidA with the dockerin from major C. thermocellum cellulosomal enzyme CelS, resulted in its successful targeting to the surface-displayed scaffolds. While the assembled complexes were not cellulolytic, the investigation yielded insights into parameters affecting secretion and anchoring of the recombinant scaffolds, including the observation that scaffold size was not a significant bottleneck in display efficiency. The strain used was deficient in its major extracellular housekeeping protease HtrA, which has been demonstrated to be responsible for the degradation of secreted recombinant proteins. In a subsequent study, the authors fused type 1 and type 2 cohesins to generate scaffold chimeras capable of binding UidA and E. coli β-galactosidase LacZ fused with type 1 and type 2 dockerins (unpublished data). This system yielded novel insights into the assembly of displayed complexes, suggesting that enzyme size and position relative to the cell surface may play a role in determining the overall net enzymatic profile of the displayed complexes.
Anchoring recombinant cellulosomes on the cell surface of B. subtilis
The interest in B. subtilis as a potential candidate for the consolidated bioprocessing of cellulosic substrates into chemicals and fuels resulted in the development of recombinant cellulosome systems in this organism. The attractiveness of this host is compounded by several characteristics including its ability to metabolize C5 and C6 sugars as well as its natural ability to uptake long-chain cellodextrins. Anderson and colleagues used a system similar to the Martin group's by employing the sortase-mediated anchoring of proteins on the cell surface [124] . This group initially demonstrated proof of concept by displaying a single enzyme, Cel8A, and subsequently went on to display cohesin domains capable of interacting with an appropriate Cel8A-dockerin fusion. It was observed that proteolytic degradation of the displayed enzymes resulted in an 80% decrease in activity after only 6 hours, an effect hypothesized to result from the presence of the extracellular housekeeping protease WprA. Inserting this system into a WprA -strain resulted in a significant reduction in the observed proteolysis of the enzymes. The most complex artificial cellulosome generated by this group included a surface-anchored chimeric scaffold containing three divergent cohesins and a CBD. Incubation of cells with enzyme-dockerin fusions purified from E. coli resulted in the assembly of functional minicellulosomes on the cell surface. Soon afterwards, the Zhang group reported the engineering of a scaffold-displaying B. subtilis strain capable of binding three enzymes and the subsequent assembly of an artificial cellulosome on the cell surface [125] . These authors investigated the effect of the CEM ternary complex by comparing a cell-bound artificial cellulosome, a cell-free artificial cellulosome, and a commercial fungal cellulose mixture. Comparative enzyme assays were conducted on the recalcitrant substrate Avicel, as well as amorphous cellulose. When comparing the activity of cell-bound cellulosomes vs. cell-free cellulosomes, a larger significant increase in CEM synergy on Avicel as opposed to amorphous cellulose was observed in the cell-displayed constructs. The authors suggest this effect to be due to larger product inhibition at the boundary layer when active on crystalline cellulose. Since EGL demonstrates higher hydrolysis activity on amorphous cellulose, and CBH is more sensitive to product inhibition, the observed results suggest that the benefits of anchoring cellulosomes on the cell surface are a necessary component of a CBP-capable organism. In Table 1 , successfully generated recombinant cellulosome components are listed according to host organism and assembly strategy. 
Strategy

Conclusion
Recent decades have yielded significant advances in the engineering of non-cellulolytic organisms towards the degradation of cellulosic substrates into fermentable sugars. The recombinant production of cellulases is both a necessary and effective means to both characterize and utilize non-native enzymes in a host organism of choice. In addition, the recalcitrance of crystalline cellulose and complexity of hemicellulose requires multiple enzymes working together to fully achieve this bioconversion process. The potential of custom-designed recombinant cellulosomes to optimize ratio and positioning of enzymes within artificial complexes contribute to this goal. Still, significant advances are necessary in order for the cost-effective transformation of cellulose into valuable commodity chemicals such as bioethanol, non-biofuel hydrocarbons, and organic acids to become an industrial standard. For example, of significant importance is the optimizing of secretion and anchoring mechanisms in host organisms, two factors which can prove to be bottlenecks in the engineering process. Indeed, the native metabolic diversity of microbes designed to utilize cellulose as an energy source, as well as the advent of synthetic biology through which non-native and novel pathways can be introduced into these organisms, suggest that the bioconversion of cellulosic substrates into valuable chemicals is not so far from reach. Constructing more efficient recombinant cellulases, as well as the assembly of cellulosomes with complex architectures inspired by bacteria such as R. Flavifaciens and A. cellulolyticus, are possible avenues to explore in this field. With the inevitable depletion of reserves of conventional energy sources such as petroleum and other fossil fuels, it becomes more evident that cellulosic biomass is not only an attractive source for the production of alternative fuel sources, but may soon become a necessary one. 
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